The basic optical properties of fruit tissues are significant and helpful to be known when they are utilized for internal quality detection. The integrating sphere (IS) system was established to measure diffuse reflectance spectra (R ) of peel-flesh layer, absorption coefficient (µ a ) and reduced scattering coefficient (µ s ) of flesh layer of 'Ya' pear tissues using inverse adding-doubling (IAD) method in 900-1700 nm. Aiming at studying the relationship between soluble solids content (SSC) and optical properties (µ a and µ s ), partial least square (PLS) regression was employed to establish calibration models based on three wavelength regions. Results showed that better correlations were found using reflectance and µ a spectra than using scattering ones with full wavelengths in 900-1350 nm. Moreover, reflectance spectra (r p = 0.8911, RMSEP = 0.4965 • Brix) with 27 effective wavelength (EWs) and µ a spectra (r p = 0.8641, RMSEP = 0.5506 • Brix) with 14 EWs both performed satisfactory results using competitive adaptive reweighted sampling (CARS). Good result (r p = 0.8856, RMSEP = 0.5081 • Brix) could also be found by the combination of reflectance and µ a spectra with 38 EWs. Results of independent validation test showed that EWs of µ a spectra was more promising in pear SSC prediction even though the model stability was not as good as these obtained by reflectance. Therefore, more research needs to be done to improve the stability and accuracy of the IS system. This study illustrated the availability for multiple index quality attributes detection of fruit tissues by detecting reflectance and optical properties information using IS system.
I. INTRODUCTION
As one of the most popular fruits in global fresh agroproducts market, pears have been widely cultivated in the world [1] . In the past decades, fruits sorted automatically based on size, color, shape and superficial defects are gradually developed using a series of techniques and equipments, such as machine vision, etc. However, other internal qualities The associate editor coordinating the review of this manuscript and approving it for publication was Abdullah Iliyasu .
(soluble solids content (SSC), firmness, pH, etc.) are also concerned by consumers and detected by some nondestructive techniques still with unstable accuracies. Especially, SSC as one of the most important internal quality attributes highly determines purchasing willingness of consumers [2] , [3] . Therefore, it is essential to study the relationship between nondestructive techniques and internal attributes of fruits [4] . As one of the relatively mature nondestructive techniques, visible and near infrared (Vis/NIR) or near infrared (NIR) spectroscopy has been already widely applied in analysis of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ agro-products with the advantage of convenience and simplicity of sample preparation with evaluation of multiple organic molecules (C-H, O-H, N-H etc.), which can reflect quality parameters such as SSC [5] , [6] , dry matter [7] , firmness [8] , [9] , titratable acidity [4] , to some extent [10] , [11] .
As reported above, one of the reasons why the accuracies of NIR equipments are limited is that NIR is a kind of empirical technique in nature. This technique is on the foundation of Lambert-Beer law to relate abundant spectral data to the quality parameters of fruit tissues. Using Lambert-Beer law is always limited to a clear liquid, but the internal structure of fruits is a complex and turbid medium. Thus, interactions among the light and tissues contain absorption and scattering at the same time, which can be theoretically described as absorption coefficient (µ a ) and reduced scattering coefficient (µ s ) individually [12] , [13] . That is, NIR spectroscopy can neglect the influence of scattering in fruit qualities determination with the basic of Lambert-Beer law. Therefore, it is necessary to investigate the fruits optical properties and the law of interaction between light and biological tissues. In this way, it might contribute to some developments and better understandings in the accuracy and stability for fruits internal qualities determination. As stated, optical properties measurement for agroproducts is a relatively young application with its origin traced back to the biomedical field when various methods were reported [14] - [16] . These methods could be theoretically divided into direct and indirect ones. As indirect methods, time-resolved (TR), spatially-resolved (SR), frequency domain (FD), spatial-frequency domain imaging (SFDI) and integrating sphere (IS) with inverse adding-doubling (IAD) method, have been successfully carried out for agro-products evaluation. Internal brown heart in apples and pears were successfully detected by a series of TR systems [17] - [19] . The SSC values in 'Conference' pears were determined by calibration models with RMSEP of 0.44 • Brix when the continuous wave spectra in spectral range 780-1700 nm [20] . The SR systems were established for the evaluation of internal qualities, such as firmness, SSC, pH, etc., for a variety of agro-foods and wood materials including tomato [21] , peach [22] , apple [23] , [24] , Douglas fir [25] . While the FD applications were often found in the biomedical field [26] . Although successfully utilized in biomedical field, studies with TR and SR methods for fruits quality determination are still limited as their complex configurations and high-cost devices. As a relative low-cost method, systems based on SFDI, which are found in the application of optical properties estimation in pear [27] , apple [28] , inevitably have a very high requirement with the demodulation precision. Fortunately, the IS system has simple construction with relatively cheap devices and can achieve fast detection of optical properties in agro-foods with satisfied accuracies.
In the last decade, a growing number of applications have been reported on estimating optical properties (i.e. absorption coefficient (µ a ) and reduced scattering coefficient (µ s )) using IS method for agricultural and food products [29] , [30] .
Saeys et al. [13] investigated the optical properties of apple skin and flesh tissues in 350-2200 nm for three cultivars. Results showed that apple skin tissue was found with about three times more scattering and slightly less forward scattering than flesh tissue. Wang and Li [31] estimated the optical properties of dry skin, wet skin and flesh of red, Vidalia sweet, white, and yellow onions at the wavelength of 633 nm. Results showed that the incident light at 633 nm would lose nearly 100% of energy within 6 layers in most simulated scenarios, and sweet onions showed the best characteristic in light penetration. They also studied the optical properties of dry skin and flesh samples of healthy onions and bacteria infected ones, which can be used in theoretical modeling and simulations of light-onion interactions for quality determination systems [32] . Fang and Fu [33] measured the optical properties in flesh, seeds and seeds base parts of kiwifruit tissues at 632.8 nm, which found that µ s values of seed-base part tissues were nearly four times higher than µ a , and µ a values of seed part tissues were about eight times higher than µ s . They also achieved those above detections based on IS system with three motorized translation stages [34] . He et al. [35] investigated the µ a and µ s values of 'Yuanhuang' pear tissues in 400-1150 nm and found results with coefficients of determination of 0.40 and 0.48 for the prediction of SSC and firmness, respectively. A double-integrating sphere was also established to measure the optical properties of 'Hermes' potatoes in 500-1900 nm. Results showed that the estimated values for the anisotropy factor were high (>0.94), which indicated that highly forward scattering was found in potato tissues [36] . An IS setup with two spheres was established for optical properties determination of 'Fuji' apple flesh towards different bruising degrees in 400-1050 nm with 92.5% classification rate [37] . Zhang et al. [38] also studied the internal laws of optical properties of blueberry flesh and skin in 500-800 and 930-1400 nm to investigate the light propagation model using Monte Carlo multi-layered (MCML) simulation with different bruising situation. Liu et al. [39] measured the optical properties of flesh and skin of 'Huayou' kiwifruit tissues in 950-1650 nm to accurately distinguish whether the tissues were treated with Forchlorfenuron or not. They also investigated the SSC, moisture content (MC), firmness and microstructural parameters from 44 to 114 days after full bloom. Results showed that correlation coefficients (R) between µ a and SSC (R = −0.80) and MC (R = 0.88) were obtained around the µ a peak of 1390 nm, and the µ s showed stronger correlation with FI (|R| = 0.74 − 0.87) than with SSC (|R| = 0.49 − 0.81) and MC (|R| = 0.59 − 0.80) [40] . However, few studies have been reported on the relationships between the bulk optical properties and internal qualities of fruit tissues, especially in the wavelength of 900-1700 nm.
The goal of this study is to predict SSC of 'Ya' pears in consideration of diffuse reflectance and optical properties (µ a and µ s ) information with chemometrics algorithms in 900-1700 nm. To achieve this goal, following sub-objectives have to be accomplished: (1) establishing and evaluating the IS system for measuring the optical properties of pear tissues in 900-1700 nm; (2) calculating the µ a and µ s of pear flesh layers based on the IS system and IAD method; (3) analyzing and comparing the performance of three wavelength regions for selecting the optimal modeling region using the reflectance and optical properties information of pear tissues; (4) investigating the relationship between the optical properties and the corresponding SSC values using effective wavelengths (EWs) selection algorithm with the optimal model.
II. MATERIALS AND METHODS

A. PREPARATION OF SAMPLES
A total of 120 'Ya' pears (Pyrus bretschneideri) with no surface defects or contaminants were purchased from a local market in Beijing of China in September 2018, which is the earliest harvest time. All samples were wiped and numbered firstly, then placed at laboratory temperature about 24 ± 1 • C and relative humidity about 60% for 24h before all measurements were performed. Samples were assigned into calibration and prediction sets randomly according to a proportion of 3:1 for modeling [41] . Thus, calibration set and prediction set consisted of 90 and 30 samples, respectively. In order to evaluate the models based on EWs of reflectance, µ a and their combination spectra finally, 25 samples were also purchased from the same fruit market as validation set for independent verification. Fig.1 shows the integrating sphere (IS) system applied to obtain the transmission and reflection spectra of pear tissues. The system, which was established on an optical table (OTBR1020-200-1, Zolix Instruments Co., Ltd., Beijing, China), mainly included an integrating sphere (4P-GPS-060-SF, Labsphere Inc., NH, USA), a spectrometer (NIRQuest512, Ocean Optics, FL, USA), a light source (3900, Illumination Technologies Inc., New York, USA), a customized gooseneck quartz light guide with core diameter of 6.50 mm and length of 61.50 cm (Nanjing Sheng Lue Technology Co., Ltd., Nanjing, China), a sample holder, a holder base and a sliding translation stage (GCM-1302M, GCM-720211M and GCM-720203M, Daheng New Epoch Technology Inc., Beijing, China). The IS was internally coated by Spectraflect@ material with reflectivity rate of 98% with a diameter of 152.4 mm. There were four ports with diameter of 25.4 mm distributed uniformly at the equator of IS. Two of them placed opposite each other were used as light entrance and exit, respectively. An optical fiber (M28L02, Thorlabs, NJ, USA) with inner diameter of 400 µm was used to connect spectrometer with IS.
B. SINGLE INTEGRATING SPHERE SYSTEM
In order to obtain a collimated and narrow light beam as the incident ray, a fiber collimator (F240SMA-C, Thorlabs, NJ, USA), whose focus length is 7.93 mm and numeric aperture is 0.5, was used to achieve a light beam with 2.0 mm diameter. The collimator was assembled in the front end of the light source using a custom-made aluminum adapter, whose front end was designed with a needle-shaped spacer to keep the distance between the collimator and the sample for 8 mm. In this way, the collimated light beam could be consistent for its power and diameter during measurement. The collimator and the fiber of light source were fitted in a hollow polytetrafluoroethylene (PTFE) plastic tube covered with silver paper to get rid of the absorption of light which may influence the production of spatially standardized field of radiation inside of IS. Details of experimental equipments and parameters utilized in the tests are listed in Table 1 . 
C. MEASUREMENT OF REFLECTANCE AND TRANSMISSION OF PEAR TISSUES
All samples were conducted to experiment before 24h storage. The reflection spectra (R ) of pear peel-flesh tissues were firstly measured when the equator position of intact sample was placed close to the IS exit port ( Fig. 2a ). The distance between the adapter and IS entrance port was 8 mm using a spacer. Then, the IS exit port was covered with the port plug and the reference reflection spectra (R r ) could be obtained ( Fig. 2b ). Next, each pear was cut off one small square block by a special square tool with 30 mm × 30 mm × 20 mm (length × width × thickness) at the center of section II ( Fig. 2a ). And a knife was used to cut the flesh tissue block to about 5 mm of thickness. The transmission spectra (T ) of pear flesh tissues were obtained when those were placed close to IS entrance port, and the adapter was moved to the position as the diameter of facula on the sample was minimal (Fig. 2c ). The distance between the adapter and sample was also 8 mm. The transmission reference spectra (T r ) were then collected when the sample was removed ( Fig. 2d ). Finally, the reflectance reference spectra (R r ) were collected when the adapter was moved into IS, the distance between adapter and IS exit port was also 8 mm ( Fig. 2e ). The reflectance spectra (R) of pear flesh tissues were measured when the exit port plug was replaced by flesh tissues (Fig. 2f ). The corrected reflection spectra (R c ) of pear peel-flesh tissues, corrected transmission spectra (T c ) and reflectance spectra (R c ) of pear flesh tissues can be calibrated as follows:
where D is the dark signal of the spectrometer by covering its entrance port with a black cap when the illuminator was turned off. Before optical properties measurement, each pear block was inlayed in a customized 60 mm × 60 mm × 5 mm (length × width × thickness) with 30 mm × 30 mm × 5 mm (length × width × thickness) hollow holder self-designed by 3D printing, and then sandwiched by 60 mm × 60 mm × 1 mm (length × width × thickness) of quartz glass (JGS3, Lianyungang Lanno Quartz Co., Ltd., Jiangsu, China) and stabilized on the sample holder. Importantly, the whole system was set in a dark room when measuring optical properties of samples.
D. ESTIMATION OF ABSORPTION COEFFICIENT AND REDUCED SCATTERING COEFFICIENT
The absorption coefficient and reduced scattering coefficient of pear tissues can be calculated by the open-source IAD program [42] . Based on the corrected T c , R c and scattering anisotropy coefficient (g), the IAD method calculated µ a and µ s by iteratively solving the radiative transport equation until the solution matched the input spectral data. Besides, thickness and refractive index (RI) of each pear flesh tissue were also needed to estimate those coefficients using IAD calculation. In this research, the thickness of each flesh tissue was measured using a digital vernier caliper with a precision of 0.01 mm, and the average RI value of flesh tissues was measured by a digital refractometer (ARIAS 500, Reichert Technologies, New York, USA) with temperature correction. The RI, which is defined as the ratio of light speed in a vacuum to that of light in the material, is an optical parameter that combines the effects of the different molecules or scattering particles. Once the objective is determined, the difference between both refractive indices of the objective is usually small (only a few percent), and can be practically neglected [43] . Due to the same cultivar and batch of pear flesh tissues, whose refractive indices were similar, only three flesh tissues were measured for refractive indices, which were averaged to obtain the final RI.
E. VALIDATION PROCEDURE
The proposed system was testified using standard liquid phantoms made from scattering material (Intralipid-20% C 14−24 , FRESENIUS KABI SSPC, Wuxi, China), absorption dye (PH1714 Indian Ink, PHYGENE, Fuzhou, China) and distilled water. Firstly, the Intralipid-20% was diluted to one percent by distilled water to obtain the reference absorption coefficient (µ a_r ), which was calculated using the collimated transmittance of solution based on the Lambert-Beer law [44] :
where I 0 is intensity of collimated incident light; I t is intensity of collimated transmittance of absorption solution; x is thickness of light path of the cuvette. Then, the absorber was added to make liquid solution type (final concentration of Intralipid 20% at 0.1%), which was added into a custom quartz glass cuvette (Lianyungang Bobang quartz products Ltd., Jiangsu, China) with a 10 mm light path to fill up with phantoms, and to obtain the optical properties (µ a and µ s ) of phantom sample with IAD method. The cuvette, equipped with 40 × 40 mm side walls, can entirely cover the ports of IS. And there were 3 replicates prepared for phantoms. Eventually, the reference reduced scattering coefficient (µ s_r ) was calculated using equations below [45] :
where λ is the wavelength (400 nm < λ < 1100 nm); µ s_r and µ s_r are scattering coefficient and reduced scattering coefficient, respectively, with unit mm −1 ; C is the Intralipid concentration. As reported, some sensitivity researches showed that the estimation of µ a and µ s was insensitive to the value of g [13] , [16] . The g values were estimated with 0.55-0.75 of apple flesh [13] and 0.427-0.688 for onion flesh [31] . In this study, the optical properties of pear flesh were also found insensitive to the g value in the range 0.4-0.8. Thus, the reference µ a and µ s of the phantoms were calculated by IAD program using a constant g of 0.7, in which the g was estimated using Eq. (4) on the condition of 400 nm < λ < 1100 nm. Thus, another spectrometer (QE65 Pro, Ocean Optics, FL, USA) in 595-950 nm was utilized for this validation process coupled with a corresponding fiber collimator (model F240SMA-B, Thorlabs, USA) to obtain phantoms estimations ( Fig. 3 ).
F. SSC MEASUREMENT
Here, SSC was measured by traditional destructive test. To make the spectra correlate to SSC properly, the juice of flesh, whose position was in the center of the slice, was extracted using a manual fruit squeezer and dropped onto a digital refractometer (PAL-1, ATAGO Co. Ltd., Tokyo, Japan) to measure SSC values three times for each sample, and a mean value by averaging those three values was obtained. Generally, reflectance method can obtain the superficial spectral information (about 10-20 mm thickness) of samples [46] . Therefore, the SSC values of flesh parts can be undoubtedly used to represent the true SSC values of reflectance in peel-flesh layer and optical properties in flesh layer at the same time, which is because that those two parts are so close and their SSC values are almost identical.
G. CHEMOMETRICS ANALYSIS 1) PRETREATMENT METHOD
Uninformative background signal or noise in raw spectra can always be obtained, thus various preprocessing methods are proposed to promote model performance initially. As one of the widely used smoothing techniques, Savitzky-Golay smoothing (SGS) [47] , which was expert in removing random noises in original spectral signals [12] , was utilized for raw spectra treatment. This method was accomplished in the Unscrambler v10.1 (CAMO PROCESS AS, Oslo, Norway).
2) REGRESSION ANALYSIS
As mentioned in literatures, partial least square (PLS) regression is an efficient and powerful multivariate statistical regression method, especially for spectral analysis. Literatures stated that this method can correlate variables with small numbers of samples in linear model building even with strongly collinear and a large number of variables [48] . Final selected number of latent variables (LVs) is determined by cross-validation of calibration samples in model development [49] . Leave-one-out cross validation (LOOCV) has the consequence that measurement of prediction ability can be overly optimistic [5] . In this study, 20-fold cross validation was set until the root mean square error of cross validation (RMSECV) reached a minimum. In addition, the subsequent EWs selection was also regarded as a process of PLS for model optimization. All PLS and EWs selection procedures below were performed by Matlab2016a (The Math Works, Natick, USA).
3) EWS SELECTION METHOD
Aiming at optimizing model performance, EWs selection is carried out to promote prediction accuracy, reduce measurement costs and facilitate model interpretation to some extent [50] . Competitive Adaptive Reweighted Sampling (CARS) is an innovative variable selection algorithm [51] , which has the potential to find an optimal combination of EWs existing in the full spectra via PLS by performing with 'survival of the fittest' principle from Darwin's evolution theory. In order to evaluate the importance of each variable, the absolute values of regression coefficients of PLS model are considered. Then, N subsets of variables from N Monte Carlo sampling run in an iterative and competitive manner are sequentially chose by CARS according to the importance level of each variable. For every sampling run, some samples are randomly selected in a fixed ratio to build a calibration model at the beginning. Next, the exponentially decreasing function (EDF) and adaptive reweighted sampling (ARS) process are used to choose the key variables based on the regression coefficients. The subset with the lowest RMSECV is chose eventually. More details about CARS can be found in previous study [52] . Procedures above were also performed in Matlab2016a with libPLS toolbox.
4) ESTABLISHMENT OF OPTICAL PROPERTIES AND DIFFUSE REFLECTANCE MODELS BASED ON EWS
In order to investigate the pear SSC determination performance of models regarding optical properties (µ a and µ s ) and diffuse reflectance, PLS was carried out to establish average spectra model (case a), single optical property model (case b) and combined model (case c), respectively (Fig. 4) . Firstly, average spectra model (case a), whose spectra were directly collected from intact samples with two layers (peelflesh layer, i.e. peel as one layer and flesh as another), was established with a calibration set (90 spectra) with full wavelengths (FWs). Secondly, each single optical property (µ a or µ s ) model (case b), whose spectra were collected only from all samples flesh layers, was established with a calibration set (90 spectra) with FWs and EWs, respectively. Finally, as the peel-flesh layers were usually detected as the intact sample spectra information in nondestructive prediction of SSC, so the reflectance spectra were needed to be determined ultimately. As for combined model (case c), EWs of average reflectance and µ a spectra, which consisted of wavelengths number obtained by EWs selection method towards both reflectance and µ a spectra, were utilized for determination of optimal modeling variables.
5) EVALUATION OF MODELS
The performance of model was evaluated according to correlation coefficient of calibration (r c ) and prediction (r p ), root mean square error of calibration (RMSEC) and prediction (RMSEP). The equations of r c , r p , RMSEC, and RMSEP are as follows [53] :
where y pi and y mi are the predicted and measured value of SSC in fruit number i, respectively, y mean is the mean value of SSC in calibration or prediction set, and n c and n p are the number of fruits in calibration and prediction set, respectively. In general, good models always possess higher r c and r p values and lower RMSEC and RMSEP values with a small difference between RMSEC and RMSEP [54] .
III. RESULTS AND DISCUSSION
A. SPECTRAL DISTRIBUTIONS OF PEAR REFLECTANCE, OPTICAL PROPERTIES AND STATISTICS OF SSC
The acquired NIR spectra consisted of 512 congruent spectra containing intensities at different wavelength bands spanning from 899 to 1715 nm. In this study, only spectra region in 900-1700 nm (501 wavelength points) were analyzed for developing calibration models due to the fact that much noises beyond this spectral region existed. The corrected spectra of reflectance, absorption coefficient and reduced scattering spectra in 900-1700 nm of total samples are showed in Fig. 5a, Fig. 5b and Fig. 5c , respectively. SSC is the organic molecule and contains absorbance peaks in specific frequencies of bonds C-H, O-H, C-O, and C-C. Three strong absorption peaks at 950-1000, 1100-1200 and 1400-1500 nm, which might be associated with the second overtone of H 2 O, the second overtone of band C-H and the stretching first overtone of bond O-H in H 2 O, respectively [55] , can be observed in Fig. 5a of pear peel-flesh.
The µ a spectra of pear flesh had different absorption peaks due to different chemical constituents (Fig. 5b ). In the spectral region of 900-1350 nm, there were two apparent peaks around 970 nm and 1190 nm, which were associated with the second overtone of H 2 O and the second overtone of C-H, respectively. For the region of 1350-1700 nm, only one obvious peak at 1390 nm, which indicated the first overtone of H 2 O, was found. Several small absorption peaks could also hardly be found at 1464 and 1484 nm, which indicated liquid water absorption in flesh tissues [55] . The three absorption peaks can also be found in the spectra of other fruits such as apple [3] and kiwifruit [40] . Below wavelength around 1350 nm, the µ a spectra of pear flesh tissues were comparable with µ a spectra of biological material such as apple [13] . But the collected µ a (about 0.5 mm −1 ) at 1390 nm in pear flesh had large range (0.3 − 0.7 mm −1 ) and lower values than the reported µ a (about 2.0 mm −1 ) of apple. This might because the difference of flesh samples and cross-talk influence among µ a and µ s , which induced by incomplete separation of those two kinds of optical properties [35] .
On the other hand, the µ s spectra in flesh were relatively flat in 900-1300 nm, while an obvious trough was found around 1390 nm (Fig. 5c ). The µ s of biological tissues usually exhibits a decreasing trend with the increase of wavelength [56] . The trough at 1390 nm of µ s curves was corresponding to the absorption peak of H 2 O, which could also be found in biological materials such as apple [13] . The troughs of µ s around the same bands with µ a might also be caused by the cross-talk between the absorption and scattering [35] . Furthermore, the effect of the imaginary part of the complex RI of scattering centers increases, especially among the absorption peaks region. Generally, the scattered radiation intensity is mostly depended on complex RI of scatters of tissues and the increase in above RI imaginary part among absorption peaks region leads to an increase in scattering cross section and growth of µ s at the same time. Moreover, a significant decrease in anisotropy factor and the corresponding increase in µ s can be caused by the increase in above imaginary part of complex RI in the scattering centers at absorption peaks [13] , [56] . It should be mentioned that one of the disadvantages of IS system based on IAD method is the overestimation of µ s at the absorption peaks.
The ranges of SSC values of calibration set (90 samples) and prediction set (30 samples) were 10.10-15.50 and 10.90-15.50 • Brix with mean value of 12.88 and 13.05 • Brix, respectively. The SSC standard deviation (S.D.) values of calibration and prediction set were 1.05 and 1.11, respectively. Calibration set had a bigger range than prediction set, which is favorable for modeling. The average measured thickness and the refractive indices of pear flesh blocks were 4.87 mm and 1.35, respectively. And the RI of the quartz glass is 1.53.
B. SYSTEM VALIDATION
In general, the µ a and µ s measured by IS system of liquid phantom samples at the concentration of 0.1% agreed well with their reference values in 595-950 nm (Fig. 3) . The calculated µ a and µ s spectra of the phantoms were nearly identical to the reference spectra, except the water absorption peak around 950 nm of µ a . As reported, He et al. [35] showed a similar test for the errors of µ a validation, the phantoms of µ s were also excellently agreed with the estimations in 500-1100 nm. Results showed that low concentration solution had larger relative errors. Average errors with 17.4 % of µ a and 4.4 % of µ s were also validated in 500-880 and 930-1100 nm [38] . Thus, it is very representative to validate phantoms at 0.1% concentration in this study. And the average relative error of µ a was overall higher than that of µ s and the average errors on µ a and µ s for phantoms were 6.14 % and 4.07 %, respectively. As literatures stated, errors in µ a and µ s estimation might be caused by experimental uncertainties, such as light loss at sample edge and scattered light included in the collimated transmittance measurement [42] . And the light guide covered with aluminum foil might also cause light losses. Overall, the accuracy of this system for µ a and µ s estimation was comparable to other reported studies above.
C. PREDICTION OF PEAR SSC USING DIFFUSE REFLECTANCE AND OPTICAL PROPERTIES
As analyzed above, obvious spectral differences could be found between spectral range 900-1350 and 1350-1700 nm. In order to evaluate the optimal modeling region for determination of SSC values of 'Ya' pears, different models were compared based on three spectral ranges of 900-1700, 900-1350, and 1350-1700 nm, respectively. And to get rid of uninformative background signal or noise in raw spectra, the pretreatment of SGS was initially employed to process raw spectra of reflectance, µ a and µ s before modeling, respectively. For the purpose to find the most effective smoothing point number utilized in SGS, the smoothing processes with 3, 5, 7, 9 and 11 points were carried out. Results showed that 7-point SGS was testified to be the best for all models independently of wavelength range ( Table 2) . Other points such as 3, 5, 9 and 11 of SGS were discarded as inferiors. Thus, further analysis was employed based on spectra after 7-point SGS.
After comparison based on the same spectra index, it could be found that PLS models for determination of SSC in 'Ya' pears mostly achieved the best results in 900-1350 nm except models based on µ s spectra ( Table 2) . Therefore, further analysis was employed based on spectra in 900-1350 nm. According to the best pretreatment method and wavelength range, results obtained from models based on reflectance, µ a and µ s spectra information were further compared. In Table 2 , it can be found out that models developed based on reflectance spectra achieved the best results with r p of 0.8761 and RMSEP of 0.5275 • Brix and a small difference between RMSEC and RMSEP. And results based on µ a spectra with r p of 0.7920 and RMSEP of 0.6680 • Brix took second place. These results showed that SSC in 'Ya' pears can be properly detected under any of those two kinds of spectra. However, models based on µ s spectra behaved the worst. As reported, the µ s is closely correlated with the microstructure and texture of fruit, especially in cell size, cellular structures, density and firmness [13] . And the decreased firmness indices could be found with the increase of µ s in 'Yuanhuang' pears [35] . Thus, the µ s index is often used to characterize the physical and structural properties of tissues, such as firmness and elastic modulus [57] . Thus, the µ s index of flesh was discarded as was inferior to predict SSC values of pears. However, overfitting existed in reflectance and µ a spectra information usually had negative effect on established models with a big difference between r c and r p , and RMSEC and RMSEP, which might due to a large number of wavelengths (279 data points in 900-1350 nm) of models. In addition, many dimensions in spectra were time-consuming and costly in the process of further practical application for portable and online detection equipments. Therefore, EWs selection method was further studied towards spectra after 7-point SGS in 900-1350 nm.
D. ANALYSIS OF EWS SELECTION
As stated above, CARS was applied in PLS to select EWs for SSC evaluation of 'Ya' pears. In this study, the numbers of Monte Carlo sampling runs and variables to be selected were set to 100 and 10-fold cross validation, respectively [51] . Firstly, sampled variables of EDF decreased fast, then the slow change showed the fast and refined selection of CARS. As the increasing number of sampling runs, RMSECV values decreased quickly at the beginning of 1-10 of sampling run due to the elimination of useless variables, and then gradually descended in 20-50 runs, which should be to the phase in which the sampled variables did not change dramatically, and finally increased fast due to the decrease of EWs. When the 10-fold RMSECV values of reflectance and µ a models reached the minimal ones, the optimal variables subsets were determined for SSC prediction with the final EWs for reflectance and µ a spectra, respectively. Therefore, 27 variables of EWs1 and 14 variables of EWs2 were selected from 279 variables by CARS for SSC evaluation for reflectance and µ a spectra, respectively. It should be mentioned that diagrams of CARS selection procedures were regarded as general knowledge and discarded. In order to compare the different distribution of SSC EWs in reflectance spectra of peel-flesh and µ a spectra of flesh layers, these variables are showed in Fig. 6 . The red and blue vertical solid line above and below of the raw and mean reflectance spectra curve represented the 27 variables of EWs1 in reflectance spectra of peel-flesh layer and 14 variables of EWs2 in µ a spectra of flesh layer, respectively. The EWs1 variables selected from reflectance spectra included 915.60, 917. 30 40, 1251 .00 and 1270.20 nm were obtained. To estimate the performance of EWs from reflectance spectra and µ a spectra, the EWs1 and EWs2 were set as the inputs to establish PLS models. The CARS-PLS results based on reflectance spectra of peelflesh layers (r p = 0.8911, RMSEP = 0.4965 • Brix) were slightly better than those obtained by µ a spectra of flesh layers (r p = 0.8641, RMSEP = 0.5506 • Brix) ( Table 3) . Compared with the results obtained by full spectra PLS model in 900-1350 nm, the data size was significantly reduced from 279 to 27 and 14 wavelengths for reflectance spectra and µ a spectra after performing CARS procedure, respectively. Obviously, the performance of CARS-PLS model had a greater improvement than that of full spectra PLS models (r p values increased from 0.8761 and 0.7920 to 0.8911 and 0.8641 for reflectance spectra and µ a spectra, respectively). It showed that the established models using EWs by CARS were more robust than those using full spectra. This might because that some uninformative variables in full spectra were eliminated and the relevant information for SSC prediction was finally retained. Additionally, the calculation time of models was greatly reduced at the same time.
E. EVALUATION OF MODELS
Aiming at investigating the EWs correlation between reflectance and µ a in SSC prediction model, 27 EWs1 of reflectance spectra and 14 EWs2 of µ a spectra composed a new group (EWs1+EWs2), which was set as the input variables of PLS for SSC prediction towards reflectance spectra. Results are showed in No. 5 of Table 3 . Obviously, the model performance (r p = 0.8856, RMSEP = 0.5081 • Brix) was better than the model only based on EWs2 of µ a spectra of flesh layers. These results suggested that the combination of EWs1 in reflectance spectra and EWs2 in µ a spectra showed beneficial effect on SSC evaluation of pear tissues. And it could also be found that the model performed as good as results individually obtained from the reflectance spectra of peel-flesh layers. Furthermore, after analyzing the sharing variables, there were three variables (917.30, 1235.00 and 1251.00 nm) as the same ones for both reflectance and µ a EWs spectra. It meant that those sharing variables were responsible for SSC prediction for both reflectance spectra of peel-flesh layer and µ a spectra of flesh layer. In particularly, the sharing variable 917.30 nm might be attributed with the third overtone of C-H, and 1235.00 and 1251.00 nm might be attributed with the second overtone of C-H. Fig.7a, 7b and 7c show the scatter plots of measured versus predicted SSC by using the optimal CARS-PLS models based on EWs1, EWs2 and EWs1+EWs2, respectively. Models always show better prediction abilities when the points locate close to the solid line with ideal regression. The distribution of the predicted and measured values of samples showed a good linear correlation. Moreover, results in this study are superior to those obtained using spatially resolved hyperspectral imaging technique in 500-1000 nm with correlation coefficient (r) of 0.754 based on the combination of µ a and µ s for 'Golden Delicious' apple SSC prediction. In comparison, results based on reflectance spectra in this study were also better than those using a simpler method of calculating relative mean spectra from the hyperspectral scattering profiles with r of 0.864 [24] . This illustrated that this established IS system with low cost is more efficient than spatially resolved technique for assessing some fruit quality attributes, like SSC. For the same single IS technique, results of our study are superior to those obtained using a PLS model based on µ a in 900-1050 nm with coefficients of determination of 0.40 and RMSEP of 0.68 • Brix for 'Yuanhuang' pears [35] . This indicated that the reported results were obtained in FWs which might contain some uninformative variables for SSC determination and the selection of wavelength period for modeling might be another key factor to obtain satisfactory SSC prediction accuracies. Consequently, it is promising and accessible to apply EWs selection methods combined with effective modeling range for optimal models. According to above processing procedures, spectra and SSC values of validation samples were firstly obtained. Next, the same method for pretreatment and variable selection was carried out, 27, 14 and 38 EWs of validation spectra were processed to establish PLS models for reflectance, µ a and their combination spectra of pear tissues, respectively. Finally, the correlation coefficient of validation (r v ) and root mean square error of validation (RMSEV) of reflectance (r v = 0.7757, RMSEV = 0.5321 • Brix), µ a (r v = 0.9054, RMSEV = 0.3580 • Brix) and their combination (r v = 0.8078, RMSEV = 0.4970 • Brix) spectra were obtained, respectively ( Table 3 ). It should be mentioned that although the results of µ a showed better prediction ability than reflectance, it showed less stability with a bigger difference between RMSEV and RMSEP than that of reflectance. This might also be caused by variety of samples in batches and shelf lives though validation samples were bought from the same market [3] . Generally, results reconfirmed and showed that satisfied accuracies were collected by CARS-PLS models based on the selected EWs for SSC evaluation of 'Ya' pears. SSC values in validation set of reflectance, µ a and their combination spectra predicted by CARS-PLS are also plotted against the actual values, respectively (Figure 7) . 
IV. CONCLUSION
The diffuse reflectance and optical properties (absorption coefficient and reduced scattering coefficient) of 'Ya' pears in 900-1700 nm were determined using single IS technique combined with IAD method. The reflectance spectra of peelflesh layer and µ a spectra of flesh layer were characterized by band C-H and overtones of H 2 O in pear tissues. The scattering spectra of flesh layer showed a general steady decreasing trend with the increase of wavelength in fruit samples. Different PLS models based on three spectral regions (900-1700, 900-1350, 1350-1700 nm) according to spectra of reflectance, absorption coefficient and reduced scattering coefficient were established and compared, respectively. The relationships between the optical properties and SSC values had been explored after 7-SGS pretreatment. Better correlations were found using the reflectance spectra (r p = 0.8761, RMSEP = 0.5275 • Brix) and µ a spectra (r p = 0.7920, RMSEP = 0.6680 • Brix) than using the scattering ones (r p = 0.0778, RMSEP = 1.0908 • Brix) in the optimal range of 900-1350 nm. With CARS EWs selection method for model simplification and collinearity reduction of spectra, the reflectance spectra (r p = 0.8911, RMSEP = 0.4965 • Brix) with 27 EWs and µ a spectra (r p = 0.8641, RMSEP = 0.5506 • Brix) with 14 EWs both showed satisfactory prediction results. Specifically, the combination of reflectance and µ a spectra also showed good prediction results (r p = 0.8856, RMSEP = 0.5081 • Brix), which was better than results separately obtained by µ a spectra, for SSC evaluation of pears. The results illustrated that reflectance spectra of peel-flesh layer and µ a spectra of flesh layer of pear tissues can be effectively utilized in the SSC determination after 7-SGS with CARS-PLS in 900-1350 nm, and the reflectance information is more recommended. The overall results indicated that the single IS system provides a convenient, useful and relatively low-cost method of optical properties measurement for the assessment of fruit internal quality indices. Compared with diffuse reflectance spectra acquisition, although the IS method is destructive, it offers a rational way to investigate the optical properties for agro-foods with self-owned or external caused multilayer structure instead. By this way, optical characteristics of internal tissues of each layer structure can help us grasp the interaction laws and other information between light and agro-foods tissues better. On the other hand, developing the existing detection techniques for agrofoods and biological materials for internal quality detection can also be assisted or achieved via the aid of this method. Hence, this study mainly aims at exploring the relationship between optical properties and corresponding SSC of pear tissues, which would be helpful to the development of the existing nondestructive detection methods. The results of independent validation test showed that the EWs of µ a spectra was more promising in the prediction of SSC of pear even though the model stability was not as good as these obtained by reflectance. Therefore, the procedures of standard tissue slicing, the positions of holders for sample and IS, and the diameters of illumination beam could be further optimized to decrease the differences and improve the measurement accuracy of IS system. Moreover, more fruit samples and cultivars with a wider range of SSC values are also further required to develop an accurate and robust SSC determination model. WENQIAN HUANG is the Head of the Intelligent Detection Department, National Engineering Research Center for Information Technology in Agriculture, Beijing, China. His current research interests include online nondestructive determination of multiple quality parameters of fruits and seeds based on spectral and image features fusion, mechanistic study of the vigor and viability of seed based on super-resolution imaging technology. VOLUME 7, 2019 
